and enables it to promote Scc1 cleavage and sister separation (Ciosk et al., 1998; Uhlmann et al., 1999) .
Previous studies have left unanswered whether separin is itself the protease that cleaves Scc1, whether Scc1 cleavage during metaphase is sufficient to trigger chromosome segregation, and whether separin has functions besides Scc1 cleavage that help orchestrate chromosome movement during anaphase. We show here that separin purified from yeast can cleave pure Scc1 protein prepared from insect cells. We also demonstrate that separin's active site resembles that of the CD clan of cysteine proteases, a group of related proteases that includes caspases. To address whether cleavage of Scc1 is separin's main if not sole function, we replaced one of Scc1's cleavage sites by that of a foreign protease and showed that cleavage by this protease is sufficient to trigger chromosome segregation in metaphase arrested cells.
Results

Mitosis-Specific Phosphorylation of Scc1 Correlates with Efficient Cleavage
In our previous study, Scc1 was presented to crude extracts containing separin in the form of a crude chromatin preparation. To address whether separin is the protease responsible for cleaving Scc1, we needed to prepare a better defined substrate. To do this, we first characterized the state of Scc1 protein at the time of of Scc1 during metaphase decreases its electrophoretic mobility and that modified but not unmodified Scc1 might be destined for cleavage during anaphase. Phoscohesin subunits and/or other chromosomal proteins, phatase treatment of Scc1 from chromatin showed that which may also have contributed to the reduced Scc1 its decreased mobility when isolated from metaphase cleavage. cells was due to phosphorylation ( Figure 1C ).
To address whether Scc1's phosphorylation affects its cleavability in vitro, chromatin from metaphase arPhosphorylated Recombinant Scc1 Is a Cleavage Substrate rested cells was treated either with phosphatase or with a control buffer. The chromatin was subsequently To establish whether Scc1 can serve as a cleavage substrate when separated from chromatin and other cowashed to remove the phosphatase and used as substrate in an Scc1 cleavage reaction. While hyperphoshesin subunits, we purified Scc1 from insect cells expressing a Flag-epitope-tagged yeast SCC1 gene from phorylated Scc1 from the control chromatin was efficiently cleaved, Scc1 from the phosphatase treated a recombinant baculovirus (Figure 2A ). We also purified yeast Scc1 from baculovirus infected insect cells after chromatin was almost completely resistant to cleavage ( Figure 1C ). This suggests that mitosis-specific phosthey had been treated with Okadaic acid. This is a phosphatase inhibitor that induces a metaphase-like state in phorylation might make Scc1 a better substrate for cleavage. However, phosphatase treatment of the chrowhich many mitotic proteins are hyperphosphorylated (Kramer et al., 2000). Okadaic acid treatment caused matin might have reduced the phosphorylation of other yeast Scc1 to migrate more slowly during SDS-PAGE cubated with chitin beads loaded with Esp1 separin but not with beads prepared from uninduced extracts ( Figure 2A ) and this was reversed by phosphatase treatment (data not shown). We called this hyperphosphory-( Figure 3B ). Thus, Esp1 separin might indeed be the protease that cleaves Scc1. However, we cannot elimilated form Scc1-P. Scc1 and Scc1-P were incubated in yeast extracts containing varying amounts of sepanate at this stage the possibility that the Scc1 cleavage activity is due to a substoichiometric protease that corin ( Figure 2B ). Some underphosphorylated Scc1 was cleaved by extracts with the highest Esp1 concentration, purifies with separin. but most remained uncleaved ( Figure 2B, left half) . In contrast, all Scc1-P was cleaved by extracts containing
The Conserved Separin Domain Contains a Region that Resembles the Catalytic Site of CD Clan intermediate levels of Esp1 separin ( Figure 2B , right half). We conclude that soluble recombinant Scc1 can Cysteine Proteases All known Esp1 separin homologs possess a conserved be cleaved in an Esp1-dependent reaction and that mitosis-specific phosphorylation of Scc1 increases its sus-C-terminal "separin" domain. The recent arrival in geceptibility to cleavage.
Affinity-Purified Esp1
Separin Cleaves Scc1-P Scc1 proteolytic activity has thus far only been detected in crude extracts prepared from yeast cells overexpressing Esp1 separin. The protease activity might be due entirely to separin or due to a protease that is merely activated by separin. To distinguish between these two alternatives, we expressed from the GAL promoter a version of Esp1 separin containing a chitin binding domain fused to its C terminus and used chitin beads to affinity purify the Esp1 fusion protein from yeast extracts ( Figure 3A ). This protein was also tagged at its N terminus with a Flag epitope.
Ponceau S staining detected only two abundant polypeptides in the affinity purified material. Western blotting Remarkably, Scc1-P was efficiently cleaved when in- SVEQGR-amk on cysteine 1531 is therefore consistent with the assignment of this residue to separin's active site. The histidine residues within the catalytic dyads al., 1995), which is also a cysteine protease, to cleave of cysteine proteases are essential for their action on a version of Scc1 engineered to contain a TEV protease natural polypeptide substrates but they are dispensable recognition site (see below and data not shown). We for the binding of these covalent inhibitors. Thus, both conclude that Bio-SVEQGR-amk selectively inhibits the the labeling of Esp1 by Bio-SVEQGR-amk and the deScc1 cleaving protease in crude extracts containing pendence of this labeling on cysteine 1531 confirm that Esp1 separin.
Esp1 separin is indeed the target of this inhibitor. Esp1 separin must therefore be the protease responsible for The Effect of Catalytic Dyad Mutations on Protease Scc1 cleavage.
Activity and Inhibitor Binding
We next mutated the histidine 1505 and cysteine 1531 residues that are predicted to form separin's catalytic Scc1 Cleavage Triggers Anaphase Our finding that Esp1 separin is the Scc1 protease raises dyad ( Figure 4A ). Both wild-type and the two mutant forms of Esp1 separin were purified after overexpression the possibility that cleavage of Scc1 might be Esp1's sole function and that this event alone triggers chromoin yeast. SDS-PAGE analysis followed by Coomassie blue staining ( Figure 6A ) and Western blotting (Figure some movement during anaphase. It is also possible that the Esp1 protease has several other important sub-6B) of the material bound to chitin beads showed that they contained similar amounts of wild-type or mutant strates whose cleavage is necessary for chromosome movement. Esp1 might even have activities unrelated separin protein. Beads containing wild-type protein but not those containing the mutant proteins fully cleaved to proteolysis, given that its protease domain is situated at the C terminus of a rather large protein.
Scc1-P (Figure 6C). Underphosphorylated Scc1 isolated from insect cells that had not been treated with Okadaic
If cleavage of Scc1 by Esp1 separin were sufficient to trigger anaphase, then cleavage of Scc1 by a protease acid was a poorer substrate (last two lanes in Figure  6C) . These results imply that histidine 1505 and cysteine other than Esp1 should be sufficient to trigger sister chromatid segregation in cells that have been arrested 1531 are crucial for the protease activity associated with Esp1 separin and that phosphorylation of Scc1 in metaphase. To test this, we took advantage of the fact that Scc1 has two separate cleavage sites, either of facilitates its recognition and/or cleavage. It seems unlikely that two independent single amino acid changes which can be mutated without blocking sister chromatid separation as long as the other site remains unchanged in Esp1 would abolish the copurification of a contaminating protease. Both point mutations also abolished . This enabled us to exchange the cleavage site at position 268 with the recognition Esp1's ability, when expressed from the GAL promoter, to rescue the temperature sensitive lethality of a strain sequence for the tobacco etch virus ( K8758 (MAT␣, scc1⌬, SCC1-TEV268-HA3 , GAL-NLS-myc9-TEV-NLS2 ϫ 10) was grown in YEP medium with raffinose and arrested with nocodazole for 2.5 hr. Then, 2% galactose was added to induce TEV protease expression. Aliquots of the culture were harvested at the indicated times and whole cell extract was prepared and analyzed by SDS-PAGE followed by Western blotting against the HA epitope on Scc1. (C) As (B), but also strain K9127 (MAT␣, SCC1-HA3, GAL-NLS-myc9-TEV-NLS2 ϫ 10) was used in a parallel experiment. TEV protease expression was scored by in situ immunostaining against the myc epitope using monoclonal antibody 9E10. Scc1 association with chromosomes was seen on chromosome spreads stained for the HA epitope on Scc1 using monoclonal antibody 16B12 (Babco). (D) Cells of strains K9027 (MAT␣, MET3-CDC20, scc1⌬, SCC1-TEV268-HA3, GAL-NLS-myc9-TEV-NLS2 ϫ 10, tetOs, tetR) and K9128 (MAT␣, MET3-CDC20, SCC1-HA3, GAL-NLS-myc9-TEV-NLS2 ϫ 10, tetOs, tetR) were arrested in metaphase as described in Experimental Procedures. At 30 min intervals, samples were retrieved from the culture and processed for immunostaining against tubulin using monoclonal antibody YOL1/34 (Serotec) and against the myc epitope on TEV protease using monoclonal antibody 9E10. DNA was stained with DAPI. The pictures shown are from cells at 3 hr after induction of TEV protease by galactose addition. (E) As (D), but strain K9129 (MAT␣, esp1-1, MET3-CDC20, SCC1-HA3, GAL-Flag-ESP1-CBD ϫ 6, tetOs, tetR) was used for the experiment.
less accumulated in 40% of the cells within two hours
At later time points after TEV protease induction, we observed an increasing number of cells whose elonof galactose addition. Remarkably, most cells that had accumulated TEV protease after two hours possessed gated mitotic spindles had become weaker or had even disappeared. Such cells had accumulated high levels an elongated anaphase spindle and two equal DNA masses at opposite poles of the cell ( Figure 7D , Scc1-of TEV protease and had therefore expressed the protease for longer than other cells ( Figure 7D ). These cells TEV). In contrast, cells that had not accumulated TEV protease still possessed short metaphase spindles and invariably contained two spindle poles at opposite ends of the cell. Figure 7D shows that cells with fully sepaa single DNA mass close to the bud neck. In cells with separated DNA masses, sister DNA sequences at the rated DNA masses (with or without anaphase spindles) started to accumulate 60 min after galactose addition, URA3 locus, which were marked by GFP (Michaelis et al., 1997), were found in opposite halves of the cell (data whereas cells with fully separated DNA masses and faint or disassembled anaphase spindles did so 30 min later. not shown), indicating that sister chromatids had been properly segregated. We repeated this experiment with These results suggest that TEV protease triggers both chromatid segregation and expansion of pole to pole cells that expressed wild-type Scc1 and found that cells which had accumulated TEV protease still possessed microtubules but that the highly elongated spindles produced under these circumstances are unstable and short spindles and unseparated DNA masses at the bud neck ( Figure 7D, Scc1 wt) . This shows that cleavage of break down approximately 30 min after their formation. Disassembly of the mitotic spindle is not observed Scc1 in metaphase arrested cells is sufficient to trigger the movement of sister chromatids to opposite poles.
in Cdc20 deprived cells which have been permitted to undergo anaphase by deletion of the PDS1 gene (ShirayThey are presumably pulled there by the mitotic spindle, whose elongation is also triggered by Scc1 cleavage ama et al., 1999). This suggests that the spindle instability of Cdc20 deprived cells induced to undergo ana-( Figure 7D ). phase by the TEV protease cannot be due to the lack activity from yeast cell extracts overexpressing Esp1 was unstable, with a half-life of a few hours. We therefore of Cdc20 function per se and suggests that it might be due to the lack of separin activity. To test whether used a rapid single step purification scheme in which Esp1 fused to a chitin binding domain was bound to a spindles would be more stable in the presence of Esp1 separin, we analyzed spindle stability in Cdc20 depleted chitin resin. Remarkably, such beads efficiently cleaved pure phosphorylated Scc1. This result suggested that cells induced to undergo anaphase by expressing high levels of Esp1 from the GAL promoter. Induction of Esp1
Esp1 separin might alone be capable of cleaving Scc1 but it did not exclude the possibility that a substoichiotriggered anaphase in a large fraction of cells and did so somewhat more rapidly than the TEV protease. Crucially, metric protease bound to Esp1 was responsible for the proteolytic activity. The final line of argument that Esp1 the extended anaphase spindles produced by Esp1 persisted even after long periods in all cells that had fully is indeed the Scc1 protease was inspired by the discovery that separins contain a highly conserved domain at segregated their chromosomes ( Figure 7E ). We conclude that while cleavage of Scc1 in metaphase triggers their C terminus that resembles the catalytic dyad of an established class of cysteine proteases. chromatid segregation, it might not be sufficient to bring about a stabilization of the mitotic spindle that is necessitated by the movement of spindle poles to opposite Separins and the CD Clan of Cysteine Proteases ends of the cell. We cannot at this stage completely Sequence similarity between separins from different orexclude the possibility that destabilization of anaphase ganisms is largely confined to a C-terminal region spanspindles is an artifact of TEV protease expression. Howning some 400 residues, with the highest conservation ever, this seems unlikely because cells containing wildwithin the 100 C-terminal residues. any residue; letters in brackets indicate alternative residues; numbers in parentheses indicate the number of Discussion residues in an interval; and numbers separated by a comma mean "from-to") was used to search the comOur previous experiments demonstrated that Scc1 plete protein sequence database, 175 sequences were cleavage is crucial for sister chromatid separation at the retrieved, all of them representing either the separin onset of anaphase. We also described a crude cellfamily or the CD clan of cysteine proteases. Some of free system that recapitulated cleavage of Scc1 and its the latter were missed, but no false-positives were dedissociation from chromosomes tected. A notable difference between separins and the and showed that both events were dependent on Esp1 CD clan proteases is the much shorter distance that separin. However, these experiments neither identified separates the catalytic histidine and cysteine in the forthe protease responsible for Scc1 cleavage nor admer. However, because the length, sequence, and ardressed whether cleavage actually triggers anaphase. rangement of structural elements within this spacer are The experiments described here show that Esp1 separin variable within the CD clan itself, this difference is not is the Scc1 protease and that Scc1 cleavage is the event incompatible with the hypothesis that separins contain that triggers the segregation of sister chromatids to opa cysteine protease domain that is structurally similar posite poles of the cell at the metaphase to anaphase and evolutionarily related to CD clan proteases. It is transition.
remarkable that sequence-specific proteases of the same fold and likely common origin are involved in a crucial aspect of chromosome mechanics and in the Reconstitution of Scc1 Cleavage with Purified Components control of programmed cell death.
As demanded by this model, the cysteine and histidine Identification of the Scc1 protease required two separate tasks: first to prepare a fully defined substrate and residues predicted to be part of separin's active site were found to be essential for Esp1's proteolytic activity. second to purify the protease. We found that pure yeast Scc1 is a substrate for Esp1-dependent cleavage as There is one other cysteine residue that is conserved in the separin domains of most species (cysteine 1556 in long as it is hyperphosphorylated either during mitotic arrest in yeast cells or by the treatment of insect cells Esp1), except for Arabidopsis and Aspergillus, where it is replaced by a serine. This residue might also qualify with Okadaic acid. Though our experiments do not directly address the physiological significance of Scc1 as a putative catalytic amino acid. However, mutation of cysteine 1556 to alanine had no effect on Esp1's phosphorylation, they nevertheless raise the possibility that Scc1 cleavage is controlled by its cell-cycle-reguprotease activity (data not shown). We therefore conclude that histidine 1505 and cysteine 1531 likely form lated phosphorylation as well as by cell cycle dependent destruction of the Esp1 inhibitor Pds1 securin.
Esp1's catalytic dyad. Inspired by separin's similarity to caspases, we deOur identification of the Scc1 protease started from the premise that Scc1 cleavage is an Esp1-dependent vised peptide based inhibitors that were designed to bind covalently to the active site cysteine of the Scc1 reaction. We therefore set out to purify Esp1 and to characterize its activity. Our first attempts yielded virtuprotease. Modification of the C-terminal arginine in the hexapeptide SVEQGR, which precedes the second Scc1 ally homogeneous Esp1 preparations which lacked any proteolytic activity on their own and also failed to stimucleavage site, to an acyloxymethyl ketone created a potent and specific inhibitor of the Scc1 cleavage activlate Scc1 cleavage when added back to yeast cell extracts (data not shown). We found that the Scc1 cleaving ity associated with purified Esp1. The inhibitor bound covalently to full length Esp1 and to a minor Esp1 cleavnism remains to be investigated. It is even conceivable that Scc1 cleavage products have a role in anaphase age product but to no other protein in our purified Esp1 preparations. Furthermore, this binding was dependent spindle stabilization and that the products produced by TEV protease cleavage are altered in this regard. on the proposed active site cysteine 1531. These results imply that Esp1 is the sole target of our inhibitor and There are good reasons to believe that proteolytic cleavage of cohesins by separin might trigger anaphase that Esp1 must therefore be the Scc1 protease. The compounds were purified to homogeneity by preparative rehundred milliliter cultures of these strains were grown in YEP medium with 2% raffinose as the carbon source (Rose et al., 1990) at versed phase HPLC. One hundred millimolar stock solutions of these inhibitors were prepared in DMSO and stored at Ϫ80ЊC, dilutions 25ЊC. At a density of 2.5 ϫ 10 6 cells/ml, the GAL promoter was induced by the addition of 2% galactose for 5 hr before cells were were prepared in 50 mM HEPES/KOH (pH 7.5), 100 mM KCl, 2.5 mM MgCl 2 , and 1 mM dithiothreitol. To assess the effect of the harvested. One culture was left uninduced as a control for the purification. Cells were resuspended in 6 ml 100 mM PIPES/KOH (pH inhibitors on Esp1-dependent Scc1 cleavage, a standard cleavage assay was performed as described , but the 9.3), 10 mM dithiothreitol, and 0.1% sodium azide, and incubated at room temperature for 10 min. Cell were collected again by centrifcell extracts used for the cleavage reaction were preincubated for 10 min at 25ЊC with the inhibitors. ugation and resuspended in 4 ml of 50 mM potassium phosphate (pH 7.5), 0.6 M sorbitol, 0.5 mM MgCl 2 , and 10 mM dithiothreitol. Zymolase T-100 (ICN Biochemicals) was added to a final concentraCleavage of Scc1 by TEV Protease and Esp1 In Vivo tion of 40 g/ml and spheroplasting was at 37ЊC for 10 min. Cells
The sequence Ser-Val-Glu-Gln-Gly-Arg-Arg around the cleavage were collected again, washed in 2 ml of 50 mM HEPES/KOH (pH 7.5), site in Scc1 at amino acid position 268 was changed into the consen-100 mM KCl, 2.5 mM MgCl 2 , and 0.4 M Sorbitol, and resuspended in sus recognition sequence for TEV protease Glu-Asn-Leu-Tyr-Phe-350 l buffer FB (50 mM HEPES/KOH [pH 7.5], 250 mM NaCl, 1 mM Gln-Gly, (Dougherty et al., 1989 ) by site-directed mutagenesis. The MgCl 2 , 1 mM CaCl 2 , and 1 mM dithiothreitol, plus protease inhibitors resulting modified SCC1-TEV268 gene was cloned together with as described [Liang and Stillman, 1997]). Cells were lysed by the 1150 nt of upstream promoter sequence into YIp211 (Gietz and addition of 0.25% Trition X-100 for 3 min on ice, and the lysate was Sugino, 1988), and a triple HA epitope tag was added at the C cleared by centrifugation. The extracts were loaded onto 50 l bead terminus. This SCC1 construct was integrated at the LEU2 locus, volume of chitin beads and equilibrated in buffer FBX (FB plus 0.05% and correct integration was confirmed by Southern blotting. The Triton X-100) for 2 hr on a rotating wheel. Beads were transferred endogenous copy of SCC1 was then disrupted by replacement with into a chromatography column and washed with 5 ml each of FBX, the HIS3 marker gene (Wach et al., 1994) . The TEV protease coding FBX 1000 , and FBX 100 , containing 1 M and 100 mM NaCl, respectively. sequence was cloned into YIp204 (Gietz and Sugino, 1988) under Beads were then resuspended in a total volume of 100 l FBX 100 control of the GAL promoter. At the N terminus, the consensus and 20 l aliquots of the suspension were distributed. Beads were sequence of the SV40 nuclear localization signal (Kalderon et al., sedimented by gravity and 10 l supernatant was retrieved and 1984) was added together with a tandem repeat of nine myc epidiscarded. For detection of purified Esp1, 10 l of SDS-PAGE loadtopes. At the C terminus, a repeat of two SV40 nuclear localization ing buffer was added to the beads, boiled for 5 min, and 10 l of signals was added. The resulting construct was integrated into the the SDS eluate was loaded for SDS-PAGE. yeast genome at the TRP1 locus, and strains with 10 copies of the vector integrated were selected by Southern blot analysis (inteScc1 Cleavage by Esp1 Bound to Chitin Affinity Beads grated into the strain containing Scc1-TEV268 only: strain K8758, Ten microliters (20 ng/l) of purified Scc1 or Scc1-P in FBX 100 suppleor containing wild-type Scc1: strain K9127). A strain containing the mented with 0.1 mg/ml BSA was added to 10 l of chitin beads sole source of Cdc20 under control of the MET3 promoter was obtained as described above. The reaction was incubated for 15 constructed by integrating a modified version of plasmid pUS1278 min at 25ЊC with continuous shaking. Beads were sedimented by (Yeong et al., 2000) into strain K7100, containing GFP marked chrobrief centrifugation and 10 l supernatant was retrieved and loaded mosome V (Michaelis et al., 1997). The centromere and ARS region for SDS-PAGE. In experiments where the peptide inhibitor was used, of pUS1278 were replaced by a fragment spanning nucleotides 10 l of a 20 M dilution of the inhibitor (see below) was added to Ϫ806 to Ϫ212 upstream of CDC20. Linearization and integration of 10 l of chitin beads and incubated 10 min at 25ЊC. Then, 10 l of this plasmid at the CDC20 locus results in replacement of the CDC20 supernatant was retrieved again, and Scc1 was added and incupromoter with the MET3 promoter (Strain K9022). Strains K8758 and bated as above. To detect the proteins on the beads labeled by the K9022 were crossed to yield strain K9027 used for the experiments. inhibitor, the beads were boiled with 10 l of SDS-PAGE loading A control strain (K9128) was constructed similarly, but only wildbuffer and the eluate was loaded for SDS-PAGE. After electrophoretype Scc1 was present in the cells, tagged at the C terminus with sis, the gel was transferred to a nitrocellulose membrane and biotina triple HA epitope (Knop et al., 1999). The strain for induction of ylated proteins were detected as described (Faleiro et al., 1997) .
Esp1 from the GAL promoter in metaphase arrest due to depletion of Cdc20 was obtained by crossing strain K8965 (see above) with K9022. For arrest of MET3-CDC20 cells in metaphase, cells were Sequence Analysis Searches of the nonredundant protein sequence database and of grown in synthetic minimal medium lacking methionine (Rose et al., 1990 ) at 23ЊC. Cells were filtered and transferred into YEP medium nucleotide sequence databases at the National Center for Biotechnology Information (NIH, Bethesda) were performed using the PSIcontaining 2% raffinose supplemented with 2 mM methionine for arrest in metaphase for 2.5 hr. Then, 2% galactose was added to
